Introduction
============

Cancer remains to be the second leading cause of death in the United States [@B1]. The mortality data collected by the National Center for Health Statistics have projected 1,688,780 new cancer cases and 600,920 cancer deaths for 2017 in the United States. For women, the top three cancers consist of breast, lung/bronchus and colorectal, accounting for 50% of all cases. Breast cancer alone comprises 30% of all new cancer diagnoses in women [@B1]. In fact, breast cancer has become the most common cancer among women globally. Metastatic breast cancer is still incurable with a prognosis dependent on its histopathological and molecular profiles [@B2]-[@B5]. The molecular profile of breast cancer unveils the heterogeneous nature of disease development and progression governed by the genes controlling cell growth, proliferation and differentiation [@B6], [@B7]. The evolution of breast cancer appears to be driven by the aberrant gene expression leading to gain of function or activation of downstream signal pathways [@B8] (Fig. [1](#F1){ref-type="fig"}). The insights into these gene expression profiles and genomic abnormities of cancer have started to revolutionize the classic paradigm of breast cancer treatment that relied on pathological and clinical manifestations [@B9]. New therapeutic principles of Personalized Medicine have emerged to match anti-cancer drugs with the molecular alterations unique to cancer cell proliferation [@B10]. Presently, while the principles have prompted development of the molecularly targeted drugs for clinical practice, the major challenge is identification of the anticancer biomarkers as targets for accurate treatment; thus the side effects associated with the off-target treatments and the overall cost can be minimized [@B11].

Fortunately, the advent of a genome editing technology with the clustered regularly interspaced short palindromic repeats (CRISPR) that are the associated protein nuclease (Cas9) or CRISPR/Cas9 system has facilitated the identification. CRISPR/Cas9 has two key components: a chimeric single guide RNA (gRNA) and the DNA endonuclease Cas9. Notably, gRNA carries Cas9 to a target genomic sequence [@B12], [@B13]. Specificity to the target is defined by complementarity of the 20 nucleotides at the 5′ end of the gRNA to the desired genomic sites. Cas9-mediated DNA cleavage at the target site is initiated by a protospacer adjacent motif (PAM) situated immediately downstream of the target sequence. Cas9-induced double-stranded breaks (DSBs) are subjected to the error-prone repair by nonhomologous end-joining [@B14], which introduces mutations to disrupt integrity and functions of the targeted genomic sites. This review intends to delineate the impact of the CRSPR/Cas9-mediated genome editing in searching and identifying molecular targets against breast cancer. It focuses on a theme of CRISPR/Cas9-mediated somatic genome editing, transcription and protein degradation addiction in breast cancer (Fig. [1](#F1){ref-type="fig"}).

CRISPR/Cas9-mediated somatic genome editing of breast cancer
============================================================

The CRISPR/Cas9 approach is helping to revolutionize the diagnosis and treatment of breast cancer. For the diagnosis, we take an invasive lobular breast carcinoma as a model in which the CRISPR/Cas9-mediated somatic genome editing tool validates putative cancer drivers *in vivo* (Fig. [2](#F2){ref-type="fig"}) [@B15]. For the treatment, we discuss the inhibition of breast cancer cell proliferation through a dominant negative mutation generated by the CRSPR/Cas9-mediated targeting of oncogene *HER2* (Fig. [3](#F3){ref-type="fig"}) [@B16]. Additionally, we delineate a study about revealing and verifying a culprit in rendering resistance of breast cancer to DNA-damage anticancer treatment (Fig. [4](#F4){ref-type="fig"}) [@B17].

The advent of CRISPR/Cas9-mediated somatic genome editing facilitates modeling of invasive lobular carcinoma (ILC) to validate putative cancer drivers in *vivo* [@B15] (Fig. [2](#F2){ref-type="fig"}). Invasive lobular carcinoma, the second most common type of human breast cancer responsible for 8 - 14 % of all breast cancer cases [@B18]-[@B20], is characterized by discohesive epithelial cells invading the adjacent tissue in single-file patterns accompanied by copious fibroblasts and collagen deposition. Most human ILCs lose the cell-cell adhesion protein E-cadherin as a result of loss of heterozygosity, methylation of the *CDH1* gene promoter [@B21]-[@B24] or compromised integrity of the E-cadherin-catenin membrane complex [@B25]. Enigmatically, the tissue-specific loss of E-cadherin in mammary epithelial cells leads to apoptosis [@B26] but not to mammary tumors in mice [@B26] [@B27], [@B28]. The combined loss of E-cadherin and p53 induces multifocal ILC [@B27], [@B28], suggestive of passenger and driver events in tumorigenesis.

With CRISPR/Cas9-mediated somatic gene editing, an *in vivo* validation of these two events is developed (Fig. [2](#F2){ref-type="fig"}). The procedure starts with intraductal injection of the lentiviral vector that expresses Cre recombinase. This recombinant vector is administered into female mice that have conditional alleles of the *CDH1* gene encoding E-cadherin and the oncogenic AKT-E17K isoform. The local Lenti-Cre expression induces mammary gland-specific inactivation of E-cadherin but activation of AKT-E17K, leading to formation of a typical invasive lobular carcinoma. This approach with CRISPR/Cas9-mediated somatic gene editing is capable of detecting cancer driver candidates, such as the phosphatase and tensin homolog (*Pten*) gene, which is a negative regulator of the PI3K/AKT signaling pathway. Intraductal injection of a lentiviral vector encoding Cre and the CRISPR/Cas9 components with a sgRNA targeting *Pten* into the *Cdh1^F/F^* mice effectively induces ILC development. In contrast to the negative ATK regulator is the long non-coding RNAs (lncRNAs) recently identified as a positive regulator by a CRISPR/Cas9-based synergistic activation mediator screen with an AKT reporter [@B29]. This model can validate more putative cancer drivers *in vivo*, such as *Pten* and lncRNAs, implicated in breast cancer [@B15].

Another breast cancer driver is oncogene *HER2* exons, which have multiple copies in breast cancer cells. Although the *HER2* exons are targeted by CRISPR/Cas9, such induced mutations in one copy of the oncogene cannot disrupt the HER2 protein production from all other copies, indicative of incompleteness of the *HER2* mutations. However, a mutant HER2 protein generated by a frame-shift mutation in *HER2* exon12 is associated with the wildtype HER2 proteins, leading to a dominant negative mutant phenotype (Fig. [3](#F3){ref-type="fig"}). This alteration was also found to inhibit the MAPK/ERK axis of HER2 downstream signaling and cancer cell proliferation [@B16]. This inhibitory effect is enhanced by inhibitors of the poly ADP-ribose polymerase (PARP) that is involved in key cellular processes such as DNA repair and cell death [@B30], suggestive of synergistic anti-cancer effects of CRISPR/Cas9 in combination with DNA repair inhibition in the clinical setting. Thus, dominant negative mutants resulting from incomplete CRISPR targeting of oncogenes may be a potential therapeutic target [@B16].

Not only is CRSPR/Cas9 utilized to identify the therapeutic targets as above but also to investigate mechanisms of cancer resistance to the therapy. For example, germline mutations in the *BRCA1* gene are bypassed by somatic alternative splicing that leads to resistance to the anticancer therapy, the finding that is verified by CRISPR/Cas9 [@B17] (Fig. [4](#F4){ref-type="fig"}). Germline mutations in the *BRCA1* gene resulting in dysfunctional BRCA incur a high risk of breast and ovarian cancer development [@B31], [@B32]. *BRCA1* mutations in exon 11 account for approximately 30% of the total mutation carriers who develop breast and ovarian cancer in the United States [@B33]-[@B35]. The BRCA1 protein plays an essential role in homologous recombination (HR)-mediated repair of DSB [@B36], [@B37]. As PARP inhibitors (PARPi) and platinum agents induce DSBs that are dependent on HR pathway for repair [@B38], [@B39], cells with dysfunctional BRCA1 or BRCA2 proteins in HR DNA repair are particularly sensitive to the treatments with these medications [@B40]-[@B43]. While such therapies can improve survival of breast cancer patients, the treatment with PARPi is not effective on many patients who carry germline *BRCA1* or *BRCA2* mutations [@B44]-[@B46]. Some of the patients, though initially showing improvements, eventually develop resistance and disease progression [@B47]. The resistance is developed through various somatic mechanisms, such as reversion *BRCA2* mutations [@B48], [@B49], 53BP1 pathway activity loss [@B50], [@B51], hypomorphic BRCA1 expression [@B52], [@B53], and drug efflux [@B54].

Among these resistance mechanisms, the resistance promoted by the *BRCA1*-Δ11q alternative splice isoform is intriguing, as the splicing bypasses the germline mutations in *BRCA1* [@B17] (Fig. [4](#F4){ref-type="fig"}). Alternative splicing generates *BRCA1* mRNA isoforms. These isoforms that lack certain exons are expressed in cells and tissues [@B55]-[@B57]. One of them is the *BRCA1* exon 11splice isoforms that exhibit the different levels during discrete phases of the cell cycle in both normal and cancer tissues [@B58]-[@B61]. These various isoforms range from full-length *BRCA1* containing all coding exons to *BRCA1* Δ11 skipping of exon 11 and *BRCA1* Δ11q partial skipping of exon 11 [@B59], [@B60]. Since germline mutations of *BRCA1* often lead to reading frameshifts and nonsense-mediated mRNA decay [@B62], such mutations plausibly affect splicing and expression of *BRCA1-Δ11q*. This premise is supported by the results showing that a *BRCA1-Δ11q* splice variant lacking most of exon 11 is produced from the cancer cell lines and tumors carrying mutations in exon 11 of *BRCA1*. The nature of the mutations is likely the frameshift mutations to exon 11 that cause nonsense-mediated mRNA decay of full-length but not the *BRCA1-Δ11q* isoform. This premise is verified with CRISPR/Cas9 by introducing the additional out-of-frame mutations or reversion mutations that restore the reading frame and avoid the nonsense-mediated mRNA decay. Interestingly, the BRCA1-Δ11q protein remains active in mediating partial PARPi and cisplatin resistance both *in vitro* and *in vivo*. The mechanism of the resistance appears to be the aberrant splicing because spliceosome inhibitors that decrease the BRCA1-Δ11q level sensitize the cancer cells harboring the exon 11 mutations to the PARPi treatment [@B17]. Therefore, selected by the anti-cancer treatments, the cell populations in breast cancer tend to evolve resistance by removal of disadvantageous germline *BRCA1* mutations through somatic alternative mRNA splicing that generates isoforms coding for therapeutic resistance.

Altogether, the technology of CRISPR/Cas9-mediated somatic genome editing can help reveal new targets and previously speculated events in tumorigenesis for diagnosis and treatment of breast cancer. It can validate putative cancer drivers *in vivo* (Fig. [2](#F2){ref-type="fig"}) [@B15]. It can directly target oncogenes and impair breast cancer cell proliferation through a dominant negative mutation (Fig. [3](#F3){ref-type="fig"}) [@B16]. It can also help unveil mechanisms that mediate resistance of breast cancer to anticancer treatments (Fig. [4](#F4){ref-type="fig"}) [@B17]. Furthermore, it has paved a way to explore other cancerous events, such as addiction of breast cancer to transcription as discussed below.

Transcription addiction in breast cancer as validated by CRSPR/Cas9 genome editing
==================================================================================

Cell- or tissue-specific transcriptional regulation is unveiled among nearly all species [@B63], in which organogenesis and neoplastic transformation are strictly controlled by the specific transcriptional programs. Tumor-specific gene expression programs validated with the CRSPR/Cas genome editing technology have been found in several tumors including breast basal-like, serous ovarian cancers and lung squamous cell carcinoma [@B64]. In this section, we first introduce a study showing that cancer cell specificity can be defined by certain transcription factors, the cell-specific transcription regulation. Second, we take triple-negative breast cancer (TNBC), an extremely aggressive form of breast cancer, as an example to manifest a transcriptional program entailing the exceedingly high levels of genetic heterogeneity [@B65], [@B66], fairly similar to the program of the solid tumors [@B67], [@B68] (Fig. [5](#F5){ref-type="fig"}). Third, we present a recent finding that the tumor-specific transcription programs appear affected epigenetically by a certain hormone signaling [@B69] (Fig. [6](#F6){ref-type="fig"}). Lastly, breast cancer appears to have conspicuous transcription programs, which are subjected to environment-responsive controls. The findings from these studies lead to the premise that breast cancer cells highly proliferative and metastatic are likely addicted to the genomic and transcriptional profiles; therefore, these programs acting as cancer drivers can be targeted by diagnostics and therapeutics, constituting the future personalized cancer medicine [@B70].

Firstly, cancer cell specificity can be defined by certain transcription factors involved in the cell-specific transcription regulation. One of the transcription factors is forkhead box protein A1 (FOXA1) that regulates the organogenesis and cancer progression in the liver, breast, prostate, lung, and endometrium [@B71]-[@B78]. FOXA1 defines cancer cell specificity as evidenced from a study showing that FOXA1 marks cell-specific genomic signatures and regulates gene expression differentially in different human cancer cell lines, such as HepG2, LNCaP, MCF7, and T47D [@B79]. While the FOXA1-bound genes exist in these cancer cells, the functional FOXA1 target genes mostly are unique to each cancer cell type. This functioning of cell-specific FOXA1 targeting in human cancer cells likely relies on certain histone modifications. Such cell-specific FOXA1 regulation is validated with CRSPR/Cas9, specifying the unique FOXA1 binding, genetic variations, and potential epigenetic regulation [@B79].

Secondly, the triple-negative breast cancer is addicted to the incessant transcriptional programs promoted by some transcriptional cyclin-dependent kinases, and such a kinase-dependent addition is verified by the CRSPR/Cas genome editing technology (Fig. [5](#F5){ref-type="fig"}). Inhibition of CDK7, a transcriptional cyclin-dependent kinase, selectively targets the cancer cells, leading to apoptotic cell death. Loss of CDK7 via genetic editing of CDK7 gene in the TNBC cell lines by CRSPR/Cas9 selectively impairs TNBC cell growth and tumorigenesis. The results with CRISPR/Cas9 to knock out other known CDKs (8, 9, 12, 13, and 19) implicated in transcriptional regulation suggest that CDK7 is exclusively required for TNBC cell survival and proliferation. Of an \"Achilles cluster\" of genes specific to TNBC encoding super-enhancer-associated transcriptional regulators, the knockouts of EGFR, FOSL1, FOXC1, MYC and SOX9 by CRISPR/Cas9 impair the cancer cell proliferation. These observations suggest that these super-enhancers are cancer type-specific, and CDK7 is distinctively required for the cancer cell survival and proliferation. As these proteins play an important role in control of transcription, this type of breast cancer appears transcriptionally addicted [@B80]. This cancer-specific transcriptional addiction may be a new therapeutic target for the personalized cancer medicine.

Thirdly, the activated estrogen signaling induces nuclear translocation of the estrogen receptor-α (ERα) to bind estrogen-responsive elements near the target promoters for transcription [@B81]-[@B83]. Such a hormone-driven genomic event of ERα plays an essential role in stimulating abnormal proliferation of luminal breast cancers [@B81]-[@B85]. This estrogen stimulation also activates ERα association with distant estrogen response elements (DEREs) on chromosomes through genome looping (Fig. [6](#F6){ref-type="fig"}). Breast cancer cells positive for ERα display a spatiotemporal control of estrogen-responsive transcription through ERα association with DEREs, and the role of DEREs is confirmed by CRSPR/Cas genome editing technology (Fig. [6](#F6){ref-type="fig"}). Situated far away from target loci on the same or different chromosomes, DEREs can induce intra- or inter-chromatin interactions, through which the ERα-DERE complex is brought to the target promoters for transcriptional modulation [@B85]-[@B87]. DEREs originally clustered on 20q13 \[the q terminal end (long arm) of chromosome 20\] are frequently found in multiple chromosomal sites, leading to complex chromosomal rearrangements and amplification [@B87]. Transcription units are often gathered in a discrete focal site inside the nucleus to form a regulatory depot or a transcription factory [@B88]-[@B91] to which genes situated on different chromosomes are brought for transcriptional action [@B88]-[@B90]. Under estrogen stimulation, the scattered DEREs of 20q13 are mobilized by heterochromatin protein 1 (HP1) to form regulatory depots that modulate transcription of genes in target loci in two ways. The DERE regulatory depots synchronize gene expression of target loci and direct long-range epigenetic repression of estrogen-responsive tumor-suppressor genes. The CRISPR/Cas9-edited deletion of 20q13 DEREs attenuates the transcriptional modulation of proliferation-associated signaling networks, leading to a decrease in cancer cell growth but an increase in overall survival of the patients [@B69]. Disruption of the spatiotemporal control of the transcriptional program in cancer can be a new target for treating breast cancers and other malignancies.

Lastly, the resistant mechanisms of metastatic breast cancer to the anti-ER therapies are studied with a CRISPR/Cas9-mediated knock-in mutational model (Fig. [7](#F7){ref-type="fig"}). As ERα is the major driver of breast cancer development and progression, inhibition of ER activity decreases relapse and increases patient survival [@B92], [@B93]. However, tumors become resistant against the anti-ER therapies in many cases, while they remain ER-positive and responsive to the treatments [@B94]-[@B97]. The resistance has raised a major clinical challenge. Mutations have been identified in the ER gene accounting for the resistance, though rare in primary breast cancer [@B98]-[@B100]. They are frequently present in the ER gene (*ESR1*) of the advanced breast cancer patients who have received endocrine therapies [@B101]-[@B104]. The rise after the treatments suggests that the resistance evolution occurs under the treatment-selective pressures for *ESR1* mutations [@B105], [@B106]. This premise is tested with CRISPR/Cas9-mediated introduction of mutations in the *ESR1* gene, which is a single allele knock-in of the most commonly mutated amino acid residue, tyrosine 537, in the estrogen-responsive MCF7 breast cancer cell line [@B107]. This mutation confers global constitutive ER activity, causing estrogen-independent cell growth, so that the tumor cells carrying the mutation become resistant to the anti-estrogen medications. Interestingly, the resistance involves transcriptional co-activator recruitment and histone modification to enhance the ligand-independent expression of the ER target genes. This ligand-independent gene expression appears associated with the ligand-independent phosphorylation of Serine 118 by cyclin-dependent kinase CDK7. The CDK7 inhibition that prevents the phosphorylation inhibits MCF7-Y537S cell growth. Additionally, CDK8 inhibition by CRISPR/CAS9 knockout suppresses estrogen-dependent transcription and the growth of estrogen receptor positive breast cancer [@B108]. These findings point to addiction of metastatic breast cancer to the cancer-specific transcriptional program that can be disrupted by CDK inhibition [@B107]. Further evidence comes from a recent model [@B109] in which novel target genes involved in metastasis-associated phenotypes are identified, and context-dependent activity and mutation-specific effect of the mutant receptor are noticed [@B109]. These studies highlight the utility of CRISPR/Cas9-mediated knock-in mutational models for exploring alternative anticancer approaches.

Collectively, transcription addiction in breast cancer has been validated by CRSPR/Cas9 genome editing in several studies. Cancer cells display the cell-specific transcription regulation [@B79]; in fact, a certain hormone signaling modulates epigenetically the tumor-specific transcription programs [@B69] (Fig. [6](#F6){ref-type="fig"}). These lead to a discovery of addiction of the triple-negative breast cancer to the transcriptional programs mediated by some transcriptional cyclin-dependent kinases [@B80] (Fig. [5](#F5){ref-type="fig"}). In a CRISPR/Cas9-mediated knock-in mutational model, further investigation of the resistant mechanisms of metastatic breast cancer to the anti-ER therapies suggests addiction of the metastatic cancer to the cancer-specific transcriptional program. The program can be disrupted by inhibition of CDKs, such as CDK7, a potential therapy for the ER mutation-mediated endocrine-resistant breast cancer [@B107] (Fig. [7](#F7){ref-type="fig"}). Given the role of CDK7 in cancerous transcription regulation as discussed above in Fig. [5](#F5){ref-type="fig"} and Fig. [7](#F7){ref-type="fig"}, inhibition of CDK7 not just selectively impairs the cell growth and tumorigenesis of TNBC (Fig. [5](#F5){ref-type="fig"}) but also the resistance evolution of the estrogen-responsive MCF7 breast cancer cells (Fig. [7](#F7){ref-type="fig"}). The role of these genomic and transcriptional profiles in tumorigenesis and therapeutic resistance of breast cancer can be further deciphered by the CRSPR/Cas-mediated genome editing (Fig. [7](#F7){ref-type="fig"}).

Protein degradation addiction in breast cancer as validated by CRSPR/Cas9 genome editing
========================================================================================

Rapid proliferation of cancer cells often relies on an increased activity of protein degradation. The 26S proteasome, responsible for degradation of majority of cellular proteins in eukaryotes [@B110], confers cancer cells with addiction to proteasome activity (Fig. [1](#F1){ref-type="fig"}). Proteasomes and protein degradation have become targets for anticancer treatments and the therapy-resistance evolution of malignancies, such as multiple myeloma and certain solid cancers [@B111], [@B112]. In this section, we discuss how the CRISPR/Cas9 system validates the role of proteasome regulation in control of proliferation and tumorigenesis of breast cancer [@B113]. We also show how it aids in revealing the mechanisms by which breast cancer cells resist endocrine therapy via upregulation of the unfolded protein response that reduces degradation of ERα [@B114], and by which the E3-Ubiquitin Ligase UBR5, a key regulator of this response, acts as a driver for cancer growth and metastasis [@B115].

Proliferation and tumorigenesis of breast cancer is controlled by site-specific proteasome phosphorylation [@B113], a finding that is verified by the CRSPR/Cas9 genome editing. Among 33 subunits of the 26S proteasome, 14 (α1-7 and β1-7) constitute the 20S core particle (CP), and 1 barrel-shaped structure encloses 3 types of peptidase activities. The remaining 19 (Rpt1-6, Rpn1-3, 5-13 and 15) form the 19S regulatory particle (RP). RP that caps CP on one or both ends captures and processes protein substrates. These substrates are then threaded into CP for proteolysis. Both Rpt1-6 (the ATPase subunits) and CP (involving in gate opening) play important roles in substrate engagement, unfolding, and translocation [@B112], [@B116], [@B117]. Regulation of the 26S proteasome is exerted at various levels by many mechanisms, such as cell cycle regulation [@B118], transcriptional control and post-translational modifications or phosphorylation of proteasome subunits [@B119]-[@B124]. About the phosphorylation regulation, the 26S proteasome has more than 300 phosphorylation sites. Many proteasome phosphorylation events occur at various cell cycle stages [@B125]-[@B128]. Thr 25 of the 19S subunit Rpt3 is dynamically phosphorylated during the cell cycle, and the phosphorylation is carried out by the dual-specificity tyrosine-regulated kinase 2 (DYRK2). The CRISPR/Cas9 system was used to generate the homozygous T25A knock-in and DYRK2 knock-out mutations. Both mutations disrupt tumorigenesis of the proteasome-addicted human breast cancer cells in mice [@B113]. Therefore, proteasome regulation plays a role in control of cell proliferation and tumorigenesis (Fig. [1](#F1){ref-type="fig"}).

The mechanism of antiestrogen resistance of breast cancer cells also involves upregulation of the unfolded protein response that delays ERα degradation [@B114], the conclusion validated by the CRSPR/Cas9 genome editing (Fig. [1](#F1){ref-type="fig"}). Breast cancers positive for ERα can be treated with endocrine therapy that includes both inhibition of estrogen production by aromatase inhibitors and competition against estrogen binding to ERα by tamoxifen and fulvestrant/Faslodex/ICI 182,780 (ICI). Under such a therapeutic selection, advanced metastatic breast cancer become resistant and outgrown as ERα mutations ERαY537S and ERαD538G occur frequently [@B102]-[@B104], [@B129]. These mutations were investigated in cell lines derived from circulating tumor cells, with some results to suggest the mutations responsible for resistance to aromatase inhibitors [@B102]-[@B104], [@B129]-[@B132] and the others to tamoxifen and fulvestrant/ICI [@B129], [@B133], [@B134]. The uncertainty about the mutations was further investigated in an ERα positive breast cancer cell model in which the cells expressing the mutated ERα and wild-type ERα were compared. This model was created with the CRISPR/Cas9 genome editing and homology-directed repair system with which one or both wild-type ERα genes were replaced with ERαY537S or ERαD538G. Both ERαY537S and ERαD538G cells have constitutive expression of the estrogen-ERα target genes and partial resistance to antiestrogen, manifesting estrogen-independent growth. The antiestrogen resistance of ERαY537S and ERαD538G cells appears associated with upregulation of the unfolded protein response that reduces the ERα degradation [@B114].

Further studies into the unfolded protein response reveal the E3-Ubiquitin Ligase UBR5, a key regulator of this pathway and also a driver for growth and metastasis of Triple-Negative Breast Cancer [@B115]. UBR5, originally identified in a screen for progestin-regulated genes in human breast cancer cells as a tumor suppressor gene [@B135], is a nuclear phosphoprotein, overexpressed in many TNBC samples [@B136]. It modulates both ERα-induced gene expression and cell proliferation via its ubiquitin ligase activity in human breast cancer cell lines [@B137]. The results from a recent study reveal strong gene amplifications and overexpression of UBR5 in TNBC [@B115]. CRISPR/Cas9-mediated knockout of *UBR5* impairs tumor growth and metastasis *in vivo as shown* in an experimental murine mammary carcinoma model of TNBC. These phenotypes are restored by reconstitution with wild-type *UBR5*. The growth phenotype stems from a disrupted angiogenesis inside the tumor, aligned with the increased apoptosis, necrosis, and growth arrest. The metastasis phenotype results from aberrant epithelial-to-mesenchymal transition mainly through rescinded expression of E-cadherin. Moreover, the UBR5-facilitated tumor growth relies on immune cells in the microenvironment, but the UBR5-promoted metastasis depends on tumor cells. Therefore, UBR5 plays a role in the growth and metastasis of TNBC. This makes UBR5 a potential therapeutic target for the treatment of highly aggressive breast and ovarian cancers [@B115].

Taken together, addiction of breast cancer to protein degradation has been validated by CRSPR/Cas9 genome editing in recent studies. The site-specific proteasome phosphorylation affects breast cancer proliferation and tumorigenesis, rending the cancer addiction to proteasome [@B113]. This conclusion suggests a role of turnover of unfolded and cancerous proteins in cancer proliferation and tumorigenesis. Aligned with this premise is upregulation of the unfolded protein response that delays ERα degradation, the mechanism that mediates antiestrogen resistance of breast cancer [@B114]. A key regulator of this unfolded protein response, the E3-Ubiquitin Ligase UBR5, acts as a driver for growth and metastasis of TNBC [@B115]. All these conclusions, verified by CRSPR/Cas9 genome editing, provide insights about potential therapeutic targets for the treatment of breast cancer.

CRISPR/Cas9 geno/immuno-toxicity and the potential remedy
=========================================================

Genome editing with CRISPR/Cas9 to target the coding and non-coding sites related to carcinogenesis on the chromosomes has provided a useful tool for both basic research and clinical application on breast cancer. However, CRISPR/Cas9 poses both genotoxicity and immunotoxicity. The genotoxicity entails off-target effects. This technical problem has hampered development of the CRISPR/Cas9-based therapeutics because the off-target activities cause mutations that may be carcinogenic to the patients. The off-target effects are controllable in animal studies as the undesired traits from the non-target chromosomes can be excluded. The off-target effects are due to inaccurate Cas9 cleavage of an imperfect heteroduplex between sgRNA and PAM-labeled target DNA where mismatches are allowed. The type, number, and location of these mismatches affect the frequency of the on-target and off-target cleavages [@B138]-[@B140]. Base pairing between the sgRNA and the off-target DNA occurs with multiple mismatches, leading to cleavage at the off-target site [@B140], [@B141]. The immunotoxicity includes host immune response to the bacterial Cas9 protein, the delivery viral vector and the targeted cells. As shown in Fig. [2](#F2){ref-type="fig"}, the invasive lobular carcinoma has been modeled by CRISPR/Cas9 mediated genome editing to detect a cancer driver, *Pten*, which acts as a negative regulator of the PI3K/AKT signaling pathway. While it was not reported in the breast cancer modeling, the immunotoxicity was observed in a liver disease modeling in mice in which the same *Pten* gene was targeted by adenovirus-mediated somatic genome editing [@B142].

On the positive side, both types of CRISPR-related toxicity have become a focus of research effort to seek solutions. As Cas9 cleaves DNA only at recognition sites of its cognate sgRNA, it does not possess inherent nuclease activity in the absence of sgRNA [@B143]. Furthermore, there are the several approaches to reduce the potential off-target effects. The first is the stringent selection of sgRNAs through computational efforts to improve sgRNA design and to predict the potential off-target sites in the chromosomes [@B144], [@B145]. The second is use of a shorter sgRNA, which may reduce the off-target effects [@B146]. The third is optimal selection PAMs. The availability of various PAMs provides more sgRNA options for the choice of minimal off-target activity. The discovery of species-specific Cas9s offers alternative PAMs [@B147]. Cas9 can be engineered to have altered PAM specificities [@B148]. The last is modification of Cas9. The engineered Cas9 can nick the opposite DNA strand of the heteroduplex between sgRNAs and target DNA leading to DSB that decreases the off-target activity [@B149]. Such engineering can further increase specificity of Cas9 variants, which decrease the off-target effects [@B150]. A fusion chimera of enzymatically dead Cas9 (dCas9) from *bacteria* with the dimerization-dependent FokI nuclease domain has been constructed into the RNA-guided FokI-nucleases (RFNs) [@B151], [@B152]. The dimerization-dependent cleavage increases specificity and reduces the off-target activity [@B151]-[@B153]. The RFN chimeras have been reengineered for even higher cleavage efficiency and fidelity with broader genome targetability for genome editing in human cells [@B154]. By comparison to the progress in the off-target research, the battle against the immunotoxicity is not just beginning but complicated. The delivery viral vector can induce the CRISPR/Cas9-specific immune responses [@B142], pointing to the need to attenuate such immunogenicity of the CRISPR/Cas9 components. Now that delivery viral vectors are immunogenic, new delivery methods have been developed, such as microinjection, lipofection, and electroporation [@B155]. Altogether, CRISPR/Cas9 poses threats of geno- and immuno-toxicity, the technical drawbacks that have hindered progress of the clinical application against breast cancer but have spurred research efforts for solutions.

Conclusive remarks
==================

The nature of cancer genomic diversity generates leverages for carcinogenesis, metastasis and resistance evolution, which can be broken by CRISPR/Cas9. The incessant proliferation of cancer cells is not only encoded by the diverse sets of the mutated genes but also affected by epigenetic factors in cancer cells. This burdens overwhelmingly such major cellular events as transcription, splicing, translation, protein folding and degradation (Fig. [1](#F1){ref-type="fig"}), rendering the cancer growth addicted to these events. Behind the uncontrolled cancer proliferation are the drivers and passengers on the train of the cellular events. When encountering anticancer treatments, the cancer cells carrying such a genomic diversity are capable of evolving resistance by multiple mechanisms, such as mutations, aberrant transcription, splicing, protein folding and degradation. Such targets as ERα or CDK7 appear to link a chain of actions. The activated estrogen signaling triggers nuclear translocation of ERα to bind estrogen-responsive elements near target promoters for cancerous transcription (Fig. [6](#F6){ref-type="fig"}) [@B81]-[@B83]. This leads to development of the antiestrogen therapies against the ER activity that reduce relapse and increase survival of the breast cancer patient [@B92], [@B93], but the antiestrogen resistance evolves with the mechanism involving upregulation of the unfolded protein response that delays ERα degradation (Fig. [1](#F1){ref-type="fig"}) [@B114]. The CRISPR/Cas9-mediated knockout of *UBR5* encoding a key regulator of the unfolded protein response in an experimental murine mammary carcinoma model of TNBC impairs tumor growth and metastasis *in vivo* [@B115]. Additionally, CDK7 inhibition selectively impairs the cell growth and tumorigenesis of TNBC (Fig. [5](#F5){ref-type="fig"}) and the resistance evolution of the estrogen-responsive MCF7 breast cancer cells (Fig. [7](#F7){ref-type="fig"}). While such genetic and epigenetic diversity of cancer presents a pressing challenge for humans to defeat cancers, utilizing genome editing technology such as the CRISPR/Cas9 can help identify the targets at these cancerous events. Only with the potential targets unveiled in breast cancer patients can more accurate, efficient, and economic cancer therapies be prescribed.
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![Genomic diversity of cancer dictates its addictions to major cellular events. These events include transcription, splicing, translation, protein folding/degradation, and cell proliferation. The busy cancer proliferation and tumorigenesis are not only fueled by the drivers and passengers but also encoded by the complex of the mutated genes and affected by other noncoding factors in cancer cells. This imposes "rush hours" on these molecular processes and renders the cancer cells addicted to them. These addictions can be disrupted by CRISPR-mediated genome editing (green arrows).](jcav09p0219g001){#F1}

![Modeling of invasive lobular carcinoma by CRISPR/Cas9 mediated genome editing. Putative cancer drivers (red boxes) can be validated *in vivo.* The green arrow at drivers indicates activation and at passengers inactivation of the genes as marked by vertical filled bars.](jcav09p0219g002){#F2}

![A dominant negative mutant phenotype resulting from incomplete CRISPR targeting of oncogene HER2 is a potential therapeutic target. The green arrow indicates inducing a mutation by CRISPR/Cas9 to one copy of *HER2.* Folding of the polypeptides from the mutated (orange) and intact (blue) genes leads to toxic products inhibits cancer growth.](jcav09p0219g003){#F3}

![Resistance evolution of breast cancer by removal of disadvantageous germline BRCA1 mutations through somatic RNA splicing. Germline frame-shift mutations (vertical filled bars) in BRCA1 result in dysfunctional BRCA defective in DSB repair, which contributes to tumorigenesis and sensitivity to the DSB medication (right arc). The germline mutations are then bypassed by aberrant splicing under selection of DSB therapy. The resulting BRCA resists DSB treatment (left arc). An additional frame-shift mutation introduced by CRISPR/Cas9 genome editing (green arrows) restores the reading frame and avoids the outcomes of the aberrant splicing.](jcav09p0219g004){#F4}

![Addiction of triple-negative breast cancer to transcriptional programs promoted by transcriptional cyclin-dependent kinases. Knockout of CDK7 by CRISPR/Cas9 inhibits transcription in TNBC cells and impairs cancer growth.](jcav09p0219g005){#F5}

![A spatiotemporal control of estrogen-responsive transcription in breast cancer. DEREs (oval) induce intra- or inter-chromatin interactions, through which the ERα-DERE (yellow oval) complex is brought to target promoters for transcriptional modulation: epigenetic stimulation of oncogenes (red box) and repression of tumor suppressors (green box). Deletion of certain DEREs by CRISPR/Cas9 (green arrows) attenuates proliferation-associated networks and decreases cancer cell growth.](jcav09p0219g006){#F6}

![Metastatic breast cancer resistant to the anti-ER therapies has mutations conferring the resistance. The ERα genes (open boxes) responsible for cancer development and progression carry mutations (bars) for resistance to anti-ER therapies. This event is modeled with CRISPR/Cas9 (green arrow) that introduces a single allele knock-in mutation in the *ESR1* gene. The mutation causes estrogen-independent growth and renders addiction to the cancer-specific transcriptional program.](jcav09p0219g007){#F7}
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